The onset of solutal convection during the directional solidification of Bridgman type of liquid Al-3.5 wt%Li is studied. Based on the analysis of a liquid-inhomogeneous-porous-double-layer system, a bimodal feature of neutral stability curve is found. The pulling rate is ascertained as the governing parameter for the mode transition, i.e., it determines whether the microstructure in the mushy layer is related to convection after the system destabilizes.
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The onset of solutal convection during the directional solidification of Bridgman type of liquid Al-3.5 wt%Li is studied. Based on the analysis of a liquid-inhomogeneous-porous-double-layer system, a bimodal feature of neutral stability curve is found. The pulling rate is ascertained as the governing parameter for the mode transition, i.e., it determines whether the microstructure in the mushy layer is related to convection after the system destabilizes.
PACS: 47.20.Bp, 47.55.P−, 47.56.+r DOI: 10.1088/0256-307X/33/6/064701 During alloy solidification, there always exists a mushy layer sandwiched between pure liquid and solid phases as shown in Fig. 1(a) . Liquid saturates the pore of the mushy layer whose porosity is always spatially varying. Hence, for a theoretical analysis, it is reasonable to simplify the mushy layer system as an inhomogeneous porous layer, as shown in Fig. 1(b) . As discussed by Drevet et al. [1] for solidification experiments on Al-3.5 wt%Li alloy in a furnace of Bridgman type, liquid fraction in a mushy layer, i.e., porosity of the porous layer, is in general characterized by a sharp decrease at small distances from tips while has less change going deeper in the mushy layer. This feature is conveniently embodied by the shape of dendrites as shown in Fig. 1(c) . If the alloy has a light solute (like Al-3.5 wt%Li) and is solidified vertically upward by freezing from the bottom as shown in Fig. 1(b) , an unstable vertically distributed solute gradient is formed, and the compositional buoyancy convection is able to be stimulated. Of course, in the meantime there also exists a temperature gradient which could stabilize the system, but the effect is too weak to be considered. The main reason is the fact that the thermal diffusivity l (=3.6 × 10 −5 m 2 /s) is much greater than the solutal diffusivity l (=1.9 × 10 −8 m 2 /s). Hence, the solute gradient is much stronger, and it could be seen as the predominant factor affecting hydrodynamic instability of the system for the sake of simplicity.
Therefore, we study the solutal convection in a liquid-inhomogeneous-porous-double-layer system after its destabilization. To understand the flow during solidification, the inhomogeneous profile of porosity in the mushy layer is centrally focused on, which is of vital importance for the crystal growth process. As shown in Fig. 1(b) , Cartesian coordinates are introduced with its origin at the fluid-porous interface and the -axis, which is the normal vector of the boundary walls, is opposite to the direction of gravitational acceleration. The thickness of the liquid layer l equals to that of the concentration boundary layer, C , [2] i.e., l = l / , where is the pulling rate in the Bridgman experiment equivalent to the velocity of the solidification front. The solute distribution is simplified to a linear function of . The upper bound-ary is modeled as a non-deformable bound without the surface tension effect, and the solute concentration there equals to the alloy's original concentration 0 . The solid phase is modeled as a rigid plate. At the mush-solid interface, the temperature is at the solidus on the phase diagram corresponding to 0 , thus the solute concentration on the solid side is 0 , and 0 / ( is the segregation coefficient) in the interstitial melt on the mush side. This is valid when 0 is sufficiently small. At the tip of dendrites (liquid-mush interface), the concentration t equals to 0 / + T / · m , where T is the thermal gradient (weak and constant) and is the slope of liquidus, and m is the thickness of the mushy layer (denoted by subscript ) and is determined according to the work of Hennenberg et al. [3] as
where c is the critical pulling rate for the morphological instability at the planar solidification front. At the tip of dendrites, the local porosity 0 is related to the cell tip radius t and the primary dendrite spacing 1 as shown in Fig. 1 (c). According to the previous discussion, [5] t can be obtained by applying the result of the solute flux balance equation at the dendritic tip,
where v is the latent heat per unit volume, is the interfacial energy, M is the melting temperature, and * is a constant of about 0.02. Moreover, 1 is generally proportional to
with the dimensional constant * obtained from the experimental data in the study of Drevet et al., [1] confirmed to be 6.11 × 10 −4 with 1 , and T being in units of m, m/s and K/m, respectively. Then
where the relative width Λ is deduced from the geometrical relation. [5] In the present system, 0 = 3.5 wt%, T = 70 K/cm and = 0.55. Then, at the bottom boundary, 0 / = 6.36 wt%. The profile of porosity ( m ) is a linear single-valued function of m , where m ∈ [−1, 0] and (0) = 0 . The porosity at the bottom of the mushy layer is constantly set to be 0.01, i.e., a sufficiently small but finite value for mathematical solvability.
For the liquid layer, the conservation of mass, momentum and salinity [7] with the Boussinesq approximation [8] are expressed as follows:
where S is the solute volume expansion coefficient. Likewise, the controlling equations for the porous layer [9] are
where Eq. (9) is Darcy's law with the Boussinesq approximation [8] and the nonlinear convective acceleration is ignored. [9] Variables with subscript ml are aimed at the interstitial liquid in the pore of the mushy layer. The permeability is defined by the CarmanKozeny relation [6] = (Λ 1 ) 2 172.8
where is an increasing function of . The basic state is motionless and purely diffusive, thus the whole system should obey the principle of solute flux continuity, i.e.,
That is,
The perturbations of velocity, pressure and concentration are imposed. The pressure and horizontal components of velocity are eliminated and the solutal diffusion in the solid phase is ignored. For rendering these equations dimensionless, in the liquid layer the concentration is scaled by ∆ l l / l , the length by l , the time by 
The corresponding boundary conditions are:
At l = m = 0, 
At l = 1,
Relevant parameters and functions [10] are defined as
and the Beaver-Joseph coefficient [11] is set to be 0.1. The normal mode technique is applied, and the Chebyshev-tau method [12] is utilized to solve the problem.
Similar to our previous works, [10, 13] the solutal hydrodynamic instability in directional solidification with a dendritic mushy zone is discussed by using the two classical parameters, Rayleigh number and wavenumber ,
The neutral stability curves and the amplitudes of velocity and concentration under different pulling rates are illustrated in Fig. 2 . In Fig. 2(a) , the location of the whole curve shifts upwards as increases. It implies a more difficult stimulation of natural convection under a higher pulling rate. This could be explained through Fig. 2(d) where ( 0 ) decreases with . Since and at the bottom of the mushy layer are set to be constant, the general permeability of the mushy layer is hereby inversely proportional to . Consequently, the system becomes more stable under a higher pulling rate.
Another important piece of information from Fig. 2(a) is the transition of the instability mode. During the increase of the pulling rate, a bimodal feature with two local minima on the neutral instability curve gradually appears, and the wavenumber to the most unstable mode c changes at the same time. When = 10 c , c ≈ 11.7, which corresponds to the 064701-3 boundary-layer mode as pointed out by Worster. [15] In other words, once the system destabilizes, the convection takes place only in the liquid layer ( Fig. 1(a) ) with almost no influence on the interstitial liquid in the mushy layer. However, as exceeds 15 c , 20 c , or even larger, c becomes 2.1, 1.9 or smaller, thus the interstitial liquid in the mushy layer is also triggered and links the liquid layer to convect systematically. This is the so-called mushy-layer mode. [15] The threshold pulling rate of mode transition in the present system is estimated to be 13.17 c through compared values of the two local minima on a group of neutral stability curves with varying . In the experiments of Drevet et al., [1] the maximum pulling rate = 12.2 µm/s, and it is merely twice the c = 6.46 µm/s. Obviously, it is much less than the threshold value for the mode transition. Therefore, it is believed that only the liquid layer destabilizes during these experiments.
From Fig. 2(b) , it can be seen that in the cases of the boundary-layer mode instability, the interstitial liquid in the mushy layer basically remains stagnant, thus the morphology and growth of microstructure, such as dendrites and arms, are only under a diffusive condition without influence of convection. Conversely, if the instability convection is triggered in the mushy-layer mode, the interstitial liquid flows right after destabilization, and the evolving microstructure is surely placed in a convective-diffusive condition. Of course, it mainly occurs in the top half of the mushy layer where the permeability is sufficiently large. Going deeper in the mushy layer, the decreasing porosity makes the convection harder, thus the bottom half of the mushy layer still remains in a pure diffusive situation.
The amplitudes of concentration as shown in Fig. 2(c) behave in a general tendency the same as velocity. However, even in the cases of the boundarylayer mode, the solute perturbation penetrates into the mushy layer much deeper. Furthermore, if the mushy-layer mode is stimulated, the concentration amplitudes seem to be irrelevant with the inhomogeneous feature of porosity distribution. The main reason is the large ratio between viscosity and solute diffusivity, i.e., the large Schmidt number . The influence of permeability imposed on interstitial liquid is through the viscous resistance by solid dendrite array constituting the mushy layer, and is mainly embodied when convection occurs. For diffusion of solute, effects from permeability are always quite weak. That is why solute is less coupled with the permeability distribution than the viscosity.
It is notable that, in experimental situations, the depth of liquid zone is always much larger than C . The convection hereby naturally decays to be negligible, and is not restricted to vanish at the outer limit of the boundary layer. In other words, the actual constraint at the top of the solutal boundary ( Fig. 1(a) ) is much weaker than our model, thus the penetration of convection into the mushy layer might be even more difficult in experimental cases.
In summary, we have found a simplified model for understanding and describing the destabilization of liquid Al-3.5 wt%Li during its upward solidification process. Analysis and all the determined results are based on a major precondition that the porosity distribution in the mushy layer is completely decoupled with local temperature and concentration. The present work is only an approximation of ≪ , and the stabilizing effect of temperature gradient is also ignored. As a consequence, for a better comprehension of the system, we need a further work on the doublediffusive model where the thermal effect is considered at the same time. In addition, dynamical coupling among , m and ml in actuality exists, thus the phase change and the effect of the moving solidification front should also be taken into account.
